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Measuring jets in HI collisions

e Many challenges for measuring jets in heavy-ion collisions:
= | arge underlying background in heavy-ion collisions
that is very difficult to remove

> Restricts measurements at low jet pr where we are
still interested in the physics

> Prohibits unfolding due to large back contribution in
the response which makes it difficult to compare
directly to theory and constrain jet quenching models
= Difficult to find variables that are sensitive to the physics
we are interested in i.e. using jets to probe the QGP

» Some variables don’t seem to be sensitive to these
effects (i.e. jet mass)

» Others show interesting effects (i.e. Raa) but we need
more information to further constrain models

Laura Havener, Yale University



Measuring jets in HI collisions

e Many challenges for measuring jets in heavy-ion collisions at the LHC:
= | arge underlying background in heavy-ion collisions
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Background subtraction
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Background subtraction
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Background subtraction
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Background subtraction
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Background subtraction
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Jet measurement limitations

e Challenging to go to larger R or low jet prdue it being harder
to remove the background leading to a large resolution and

“fakes”, making unfolding difficult s Proader
" / kink Shape

dpr

data = fake+real

Laura Havener, Yale University 4



Jet measurement limitations

e Challenging to go to larger R or low jet prdue it being harder
to remove the background leading to a large resolution and

“fakes”, making unfolding difficult

ATLAS /CMS
measure jets
down 100 GeV
and up to 1 TeV

Laura Havener, Yale University
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Jet measurement limitations

e Challenging to go to larger R or low jet prdue it being harder

data = fake+real

to remove the background leading to a large resolution and

“fakes”, making unfolding difficult

RAA

ATLAS /CMS 1_4R=0_4

measure jets - Pb-Pb 0-10% |[S = 5.02 TeV

down 100 GeV 1.2 pp Vs =5.02 TeV
B ﬂjetl <0.3 ,O'fad’c" > 7 GeV/c

and up to 1 TeV e 1

i ALICE 0-10%
| Correlated uncertainty

ALICE measures
jets down to 60 GeV

O 8 B Hybrid Model, L, =
"~ L [ Hybrid Model, L= £/(xT)
- [ JEWEL, recoils on, {MomSub

Shape uncertainty

i JEWEL, recoils off
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Jet measurement limitations

e Challenging to go to larger R or low jet prdue it being harder
to remove the background leading to a large resolution and

“fakes”, making unfolding difficult

ATLAS /CMS
measure jets
down 100 GeV

and up to 1 TeV

ALICE measures
jets down to 60 GeV

Need more precision
and lower prto
constrain models

ML approach
may help!

Laura Havener, Yale University
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Large R/low pr motivation

e | arger radii

= Possible recovery of the jet energy because of out-
of-cone radiation

= Possible different in modification for larger jets

o | ower jet pr

= Probes different scale and modification expected to
be different

14k 1 1 ]
-C On n e Ctl On t O R H IC . - g z 83 = non-eq. contrib. “ non-eq. + QGP ridge contrib. “ non-eq. + QGP ridge & trough contrib. -
- R=0.6 S
- L} = 1.0 mooem + - o
=) Different quark/ Cos| Re20 10 I
gluon fractions oo [ -
. 0.4 - =
m) Difference between . i S
Iarger a’[ Iower pT Jet pr [GeV] Jet pr [GeV] Jet pr [GeV]
Laura Havener, Yale University Hybrld mOdeI PhyS'ReV' Lett' 124 (ZOZQ) 5




Machine learning approach

e Standard ALICE procedure misses residual fluctuations
= Oversimplified estimate of rho using entire event  pp ¢ Rev. C 99. 064904 (2019)

=) Fakes taken as signal

e ML techniques used to learn a data-driven mapping to correct the jet pr by
exploiting the difference between the signal jets and the background jet-by-jet

= Reduce residual fluctuations to better determine the jet pr

_ ML
Jet properties

Including standard

corrected pr and Correct jet pr

jet constituents

e Can be applied to charged or full jets (which contain
charged tracks and , measured in the
TPC and , respectively)

Laura Havener, Yale University



ML approach: methoad

e Arealistic event is made by embedding pp PYTHIA

Event events into real Pb-Pb data or into a toy model
background
S J;Pmmeters e Jet parameters extracted, including the area-based
corrected jet pr, jet angularity, pr of 8 leading tracks,
/ \ number of constituents

Training <« Testing

\

ML Estimator o VL algorlthr_ns: shallow ngural network, random
l forest, and linear regression

¢ 10% training and 90% testing

e Regression task to predict the corrected jet pr

> Asking if we got back to the “true” pri.e. the
detector level PYTHIA jet pr

Do we get back to “truth”?

Laura Havener, Yale University



ML approach: charged jet performance

e Fvaluate the performance by comparing the
difference between the ML corrected prreco and
the “true” detector level prtrue

» The narrower the width of the distribution the
better the resolution

ADT _ pT'eco - p-l-true

Laura Havener, Yale University



ML approach: charged jet performance

e Fvaluate the performance by comparing the
difference between the ML corrected prreco and
the “true” detector level prtrue

» The narrower the width of the distribution the
better the resolution

30145 PYTHIA276TeV + thermaltoy - Neural network

8 0 1oF- Charged anti-k jets R = 0.4 + R;erfgg%s?o? e“;f‘md o o

%‘ 0 4E- P énjer = 40-60 GeV/c ﬂ 4 Linear regression Ap—l- - DT - D7

= 0.08 :

& o e ML shows an improved performance
0.04 . over area-based method
0-02 .t e Similar performance for ML

%o "m0 S o s 20 %0~ algorithms, use neutral network

rec _ plue
pT, ch jet pT, ch jet (GeV/C)

Laura Havener, Yale University 8



ML approach: fragmentatlon plas

* Potential fragmentat|on bias due to I % 0.14E- PYTHIA 2.76 TeV + thermal toy . igﬂgﬁr&é’em o
using the jet constituents L e inaFARE S
S 7' Neural network estimator [ \# :
= [ stimate by looking quarks vs. 2008 E
. . 0.06 —
gluons which have a different " oa a
fragmentation pattern 0.02 =
. _ T T R e | R (RS 't' 3020
= JEWEL is used to test bias to HI pe, - Pl (GeV/c)
fragmentation which could be %"o.m - JEWEL PbPb 2.76 TeV + thermal toy RN ;\\/A%%uuml o
' 8o Charged anti-k, jets R = 0.4 —8— U
different than quark vs. gluon 20;21 o0 4060 Geve i
S 7'E Neural network estimator A
e Small bias observed but many £0.08
ongoing studies zgj
> Unfolding with response from quarks 00 |
or gluons used as a systematic % =0 2 0 TS ‘3‘0(‘6 o
prec true eV/c

. . T, ch t T ch
Laura Havener, Yale University je jot



ML approach: apply to data

e \IL method reduces fluctuations and improves s *|

> PYTHIA + Pb- P 5.02 TeV -
resolution over area-based S | Charged jets, antiky, | <0.9- A _
S Lo ALICE Performance -
pe ~ 0-10% central )
= E xtend to lower pr and Iarger R(upto0.6) § | Lo :
6\ _I [T ‘ I | ‘ T ’ [ ‘ ‘ [T T 1 | [ ‘ | | I_ g — - Area_based _
S . ALICE Pb Pb 5. 02 TeV o 10% B € 45 30-50% centra -
o) - Charged jets, anti-ky, [ | <0.9- R & S ML-based :
/=% | ML estimator trained on PYTHIA - X Area-based ]
2| 2405 ®R=02 10— -
ISR ¢R=04 - ! }
S ®R=06 - : :
1_2% 107 E 5 .
| _‘— B i )
10_7: —:— — O— | ]
: :._L - 0.2 0.4 0.6
B § _ Jet resolution parameter R
- ® _
10_8:_ ! = .
-~ N uncertainty not showr == * Applied to ALICE 0-10% Pb-Pb data we
B Y : see that going to larger R and lower pr is
10—9 I ‘ I ‘ I ‘ I I ‘ I | I | I | I

20 30 40 OS50 60 70 80 90 100

p, .. (GeVIO) experimentally possible

Laura Havener, Yale University



ML approach: Raa

< lI|I‘||||lllII‘IIII‘IIII’IIII‘IIII

e Evaluate the Raa In central collisions i 1.4 ALICE Pb-Pb 5.02 TeV, 0-10%

using the ML-based estimator and - Charged jets, anti-k, R=0.4, [ | <0.5 i
compare to the area-based method with 12 M&ﬁit'g"aastgé trained on PYTHIA N
a leading track bias (consistent!) - @ Area-based (p_ _>7 GeV/c) 3
. I T :
B Sce the pr reachis much lower (down I normalization uncertainty :
: L]

to 40 GeV) and the systematics are ogl 0 N
reduced! ) -
0.6_— =
0.4
i . w
2 ATPbPb ] ¢ _
1 d Njet 0_2__ N
R _ Nevent dprdy Icent i ALICE Preliminary
AA - <T > >< dQO-JZ?e?; %—I | | | ‘ I I I ‘ L [ [ | ‘ I ' | [ [ | ‘ | | | !—

0 40 50 60 70 80 90 100
AA/cent dprdy p (GeV/c)

T, ch jet
Laura Havener, Yale University 11



ML approach: Raa

. < T ‘ T I T ‘ LT ‘ I ‘ LT N
e Evaluate the in central collisions using « 1.4 ALICE Pb-Pb 5.02 TeV, 0-10% .
the ML-based estimator and compare to - Charged jets, anti-k, In | <0.9- R i
the area-based method with a leading 1.2 '\JLL ;Sj'fgitm trained on PYTHIA N
track bias (consistent!) W R=06 §
. R RGCCIEEEEEEEEEEERLLL P I EE -
B Sce the pr reachis much lower (down Y :
. L |ZAll u I
to 40 GeV) and the systematics are ogl 0 ! N
reduced! _ Hybrid model, L, =0 :
_ _ 0.6 BAR=04 B
=) R-0.6 is also possible down to 60 GeV °° mR=0.6 i
> Comparison to hybrid model! 0.4 /‘
PbPb N -
1 dzNJet 0_2__ N
R _ Nevent dprdy lcent - ALICE Preliminary
AA o <T > >< d20‘fezé %—I L[ | ‘ I I } I ‘ I I ‘ I I ' I I ’ | [ | l—
0 40 50 60 /70 30 90 100
AA /cent dprdy 5 GeV/o)

T, ch jet
Laura Havener, Yale University 12



ML approach: full jets

e Extending method to full jets

0.08 T T T T T T T I T T T | T T T T T T T I T T T

: 0.07 = PYTHIA + Pb-Pb |s, = 5.02 TeV, 0-10% —e— Neural Network
= ~ull jets are closer to the E Fulljots, anti-ky, A - 0.4,17_1 <03 Mean: -0.18 , Width: 7.32
: T : 098 E= ALICE Performance —=— Random Forest
theoretical definition of a jet oo 40 p___ <60 Geic Mean: -0.00 , Width: 7.45

—+— Linear Regression

)
8

Probability Density

"""""""""""""""""""""" A 0.04 Mean: -1.99 , Width: 7.81
i ALICE Performance
- PYTHIA + Pb-Pb |/s,, = 5.02 TeV 003
20 Full jets, anti-k+, T |< 0.3 0.02
0.01

(o)) IIIIIIIIIIIIII IIIIIIIII IIIIIIIIIIIIII

o)}
o IIIIIIIIIIIIIlIIIIIIIIIIII

40 < Pl < 120 GeV/c

mArea Based, 0-10%
mML Based, 0-10%
nArea Based, 30-50%
nML Based, 30-50%

| O

| | —40 | ] ] L | | 20

p

0

—i
@)

[GeV/c]

T, rec T det

Standard Deviation (GeV/c

10 * |nclude neutral components as part of
iInput now
y! 1 e See similar improvement as charged jets!
: - e Next step: apply to data

O .

Jet Resolution Parameter R
Laura Havener, Yale University 13



Measuring jets in HI collisions

e Many challenges for measuring jets in heavy-ion collisions at the LHC:
= | arge underlying background in heavy-ion collisions

that is very difficult to remove Solution: better
> Restricts measurements at low jet pr where we are background subtraction
still interested in the physics iIncluding machine-

> Prohibits unfolding due to large back contribution inl€arning techniques
the response which makes it difficult to compare
directly to theory and constrain jet quenching models
= Difficult to find variables that are sensitive to the physics
we are interested in i.e. using jets to probe the QGP

» Some variables don’t seem to be sensitive to these Solution: jet
A substructure tools
effects (i.e. jet mass)

| | | and better background
> Others show interesting effects (i.e. Raa) but we need gyptraction for jet

more information to further constrain models substructure

Laura Havener, Yale University 14



Jet substructure

e Jet internal structure is expected to be modified by the

medium produced in HI collisions

e Intuition to look at jet mass but this proves to be insensitive

to medium effects

e Many measurements
of novel jet
substructure tools
using jet splittings

c?/GeV)

ALICE

Charged jets, anti-k
R=0.4, |njet| <05

_‘_

I 3 ili’ I == 5
TG T f
1 |5|| L1 |1|0| L1 mohﬂb“ L 1 1|O L . i*%

Yoap

M, i (GeV/ c@

E‘..I....I.

<J

M, e (GeV/c?)

ch (
PLB 776(2018) 249

100 < Pt eh jot < 120 GeV/c
@ 0-10% Po-Pb s, = 2.76 Te

| o= | pPb sy, =5.02Tev

M., . (GeV/c?)

> Before measuring jet substructure the background removal needs to remove
the background for the jet constituents instead of the jet as a whole

Laura Havener, Yale University


https://arxiv.org/ct?url=https://dx.doi.org/10.1016%252Fj.physletb.2017.11.044&v=0bea9dff

Exploring the Lund Plane: In vacuum

e |und Diagram®: phase pri = (1-z)pr
space of jet splitting
*Z. Phys. C43 (1989)

JHEP 12 (2018) In(kr)

pr2 = Zpr

In(1/AR)  arXiv:1808.03689

Laura Havener, Yale University
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https://arxiv.org/abs/1808.03689
https://link.springer.com/article/10.1007/BF01550942
https://link.springer.com/article/10.1007/JHEP12(2018)064

Exploring the Lund Plane: In vacuum

e |und Diagram®: phase pri = (1-z)pr
space of jet splitting
*Z. Phys. C43 (1989)

JHEP 12 (2018) In(kr)

P2 = ZPT
kt = pr2sin(AR)

e K7:relative transverse
momentum of subjets

In(1/AR) arXiv:1808.03689

Laura Havener, Yale University 16
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%E Exploring the Lunad Plane: In vacuum

e | und Diagram™: phase

space of jet splitting
*Z. Phys. C43 (1989)
JHEP 12 (2018) In(kr)

P12 = Zpt
= pr2Sin(AR)

e k7:relative transverse
momentum of subjets

e AR: opening angle between
subjets

< In(1/AR) arXiv:1808.03689 <

Laura Havener, Yale University 16



https://arxiv.org/abs/1808.03689
https://link.springer.com/article/10.1007/BF01550942
https://link.springer.com/article/10.1007/JHEP12(2018)064

Exploring the Lund Plane: In vacuum

e |und Diagram®: phase pri = (1-z)pr
space of jet splitting
*Z. Phys. C43 (1989)

JHEP 12 (2018) In(k)

soft, large angle radiajOn

<f: In(1/AR)  arXiv:1808.03689 ==

Laura Havener, Yale University
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Exploring the Lund Plane: In vacuum

e |und Diagram®: phase pri = (1-z)pr
space of jet splitting
*Z. Phys. C43 (1989)

JHEP 12 (2018) In(k)

e log(kT) > 0 separates perturbative
from non-perturbative regime

soft, large gngle radiai€

<f: In(1/AR)  arXiv:1808.03689 ==

Laura Havener, Yale University
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Exploring the Lund Plane: In vacuum

e |und Diagram®: phase pri = (1-z)pr
space of jet splitting
*Z. Phys. C43 (1989)

JHEP 12 (2018) In(k)

e log(kT) > 0 separates perturbative
from non-perturbative regime

¢ Formation time: how long until the
splitting occurred

1

lf= ————————
(1 — Z)kTAR

Y. L. Dokshitzer, et.al.

Laura Havener, Yale University

<f: In(1/AR)  arXiv:1808.03689 ==



https://arxiv.org/abs/1808.03689
https://link.springer.com/article/10.1007/JHEP12(2018)064
https://link.springer.com/article/10.1007/BF01550942
https://www.lpthe.jussieu.fr/~yuri/BPQCD/BPQCD.pdf

Exploring the Lund Plane: in medium

e Jet splittings in heavy-ion (HI) collisions pr1 = (1-z)pr

In(kT)

P12 = ZpT
> Earlier/wider splittings

experience more medium

soft,\arge gngle radiajOn

> Split jets should be more
quenched

5
>
3

Laura Havener, Yale University 18



Soft drop grooming

e Reconstruct anti-kt R=0.4 charged jets
between 80-120 GeV/c with jet-by-jet
constituent background subtraction™ (in

HI collisions) “THEP 06 (2014) 092

Laura Havener, Yale University

19


http://arxiv.org/abs/1403.3108

Soft drop groomlng

e Reconstruct anti-kt R=0.4 charged jets
between 80-120 GeV/c with jet-by-jet
constituent background subtraction™ (in

HI collisions) “THEP 06 (2014) 092

e Recluster jets with Cambridge/Aachen _
(C/A)* to enforce angular ordering and p*

T | o | o | I | o | T

ALICE Simulation
PYTHIA Vs =2.76 TeV
ch i —
80 < Pl < 120 GeV/c, anti-k; R=0.4

Cambridge-Aachen Reclustering

4
fill primary Lund diagram with splitting &
information *JHEP 9708:001,1997

-8

—10O

Laura Havener, Yale University
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Soft drop groomlng

e Reconstruct anti-kt R=0.4 charged jets
between 80-120 GeV/c with jet-by-jet
constituent background subtraction™ (in

HI collisions) *JHEP 06 (2014) 092
e Recluster jets with Cambridge/Aachen _

(C/A)* to enforce angular ordering and p:
fill primary Lund diagram with splitting =

information *JHEP 9708:001,1997
. min(Pri, Prj)
e Soft drop grooming Zs = Do+ Pr .
1 ] _
to access hard AR

splitting Zy > Zo 8 6=

Laura Havener, Yale University

ALICE Slmulatlon

—0.16
PYTHIA Vs =2.76 TeV
80 < pf,‘jet <120 GeV/c, anti-k; R=0.4 —10.14
Cambridge-Aachen Reclustering

—0.12

0.1

0.08

0.06

0.04

0.02

0

15 2 25 3 35 4 45 5

(xR =

19


https://arxiv.org/ct?url=https://dx.doi.org/10.1088%252F1126-6708%252F1997%252F08%252F001&v=8892ac15
http://arxiv.org/abs/1403.3108

Soft drop groomlng

e Reconstruct anti-kt R=0.4 charged jets R At i L LA AL LEAL b i

between 80-120 GeV/c with jet-by-jet  PYTHIA 5 = 2.76 TeV THO-16
constituent background subtraction* (in~~ °[ 80<p, <120 GeVic, antik; R=0.4 7| —o.14
Hl COIIiSiOnS) “THEP 06 (2014) 092 I Cambridge-Aachen Reclustering B

e Recluster jets with Cambridge/Aachen _
(C/A)* to enforce angular ordering and pS .

fill primary Lund diagram with splitting = 0.08
information *JHEP 9708:001,1997 0,06
. min(pri, Prj)

e Soft drop grooming % = —, ij" 0.04
to access hard g AR 0.0
splitting Zg > Zet 0" 0= —

1 15 2 25 3 35 4 45 5 0
Zcut = 0.1

e Default condition:

1
B =0 "aR ——
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Exploring the Lund Plane in Data

New 2018 0-10% Pb-Pb collision data at 5.02 TeV

e Compare to PYTHIAS8 = 10 e praim
_ X — reliminary
embedded into real c  8F 20180-10% Pb-Pb |5 = 5.02 TeV —0.02
0-10% Pb-Pb collisions 6 2tk charged jets & = 0.4 -
41—
. —0.02
e Subtract the embe_dded of -
MC from the data in order oF — =F—=_ -0.04
to remove the effects from 25 006
the large HI background T
4 -0.08
oF o
gE 80< pCh "®¢ < 120 GeV/c
- 1st Soft drop spllttlng zCut = 0|1 B = 9 | —0.12
_10 ||||||||||||||||||||||||||||||||||||||||

0 0.5 1 15 2 25 3
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Exploring the Lund Plane in Data

New 2018 0-10% Pb-Pb collision data at 5.02 TeV

e Compare to PYTHIAS8 = 10 e Praim
_ X — reliminary
embedded into real c  8F 20180-10% Pb-Pb |5 = 5.02 TeV —0.02
0-10% Pb-Pb collisions 6 2tk charged jets H = 0.4 -
4__ T == ‘

e Subtract the embedded £ C 002
MC from the data in order oF- -0.04
to remove the effects from = 006

2 :

the large HI background

—0.08

® Suppression at large 0.1

80 < pCh "®¢ < 120 GeV/c
AR and enhancement

1stSoftdropspI|tt|ng z.,=015=0
_10 IIIIIllllllIlllllllllllllIlllllllllllllllllllllll

0 05 1, 15 2 25 3 35 4 45 5

< ——" In(1/AR)
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Exploring the Lund Plane in Data

— 10¢ .
& F  ALICE Rreliminary!
€ 8 20180-10% Pb-Pb |5 = 5. 02,'Tev —0.02
o g anti-k; Gharged jefs R=0.4
o -~ Data- P\'THIA embedded —0
e Next: look at projections 45 : : :
4y - : -0.02
onto the splitting scale (kr) o - :
In AR bins oF- —— :’—:l_ -0.04
N I i
—2 : : . -0.06
B - 0
—4— : : : -0.08
B : 0
6: : : : —0.1
gE 80< pC" "%¢ < 120 GeV/C :
- 1st Softndrop spllttlng ot = 0.15=0 -0.12
_10_ ||||||| || I |!|||||||||||||||||||||||

0 0.5 J 15 2 2.5 3 35 4 45 5

< —— In(1/AR)
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Lund Plane Projections

k; (GeV/c)
0.02 10 1.0 10 50

U 0_08 | D | | L L I 1 | L | L | | L | L I L
R - ALICE Preliminary == 0.9<In(1/AR) < 1.6 -
S 0.06 2018 0-10% Pb-Pb s, = 5.02 TeV 0.2< AR <0.4—
= - Data-PYTHIA embedded e 1.6<In(1/AR) < 2.4 -
S 0.04F 0.09 < AR < 0.2—
q-) - _+_ —
© : 4 4 o 24<In(1/AR) <S5 =
= 0.021- ae AR <0.09 —
o1 - . .
.._-clts O &% _‘_—0—+ % 0" o
© = :fiéi .
=_-0.02]- 4+ 2
~0.04 —
~ 80 < pCh ;tec <120 GeV/c _+_ _
_()_()6_ant| -K c]harged jets R=0.4 _
- 1st Soft drop splitting, z,,,=0.15 =0 i
_ _I | 1 1 | 1 1 1 I 1 1 1 | | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 l—
008,330 1 2 3 4
In(K+)
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Lund Plane Projections

e Suppression at large AR
and enhancement at
small AR

e Consistent with idea the
large angle splittings see
more of the medium and
are suppressed

Laura Havener, Yale University

k; (GeV/c)

002 101 1.0 10 50

U O 08 | | L | T °r 1 1© 1 1T 1 | | I | L I | I l_
- - ALICE Prellmmary =e= 0.9 <In(1/AR) < 1.6 -
S 0.06{—2018 0-10% Pb-Pb s, = 5.02 TeV 0.2<AR <0.4—
< - Data-PYTHIA embedded ~—eo1.6<In(1/AR) < 2.4 -
& 0.04 0.09 < AR < 0.2—
q-) - _+_ —
@ - T4 e 24<In(1/AR)<5 =
E 0.02— — AR <0.09 —
ol - . -
.._acls O &% _‘_—0—+ % 0" o
(T - — _
“-0.02 o =
—0.04— —

~ 80 < ,oCh ;tec <120 GeV/c l _+_ _
_()_()6_ant| K+ cjharged jets R=0.4 —

_ 1st Soft drop splitting, z,,=0.18 =0 :

_ _I 1 1 | L1 1 1 | | I I I | | I I A N N IR N N | | L1 1 1 | L1 1 1 | 1 1 l—
O'O§4 -3 —2 —1 0 1 2 3 4
In(K+)
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Lund Plane Projections

e Compare to JEWEL-PYTHIA embedded in a thermal background with and

without recoils

002 101 1.0

k; (GeV/c)
50

10

ALICE Slmulatlon
T

hermal Background
0-10% Pb-Pb |s,, = 5.02 TeV
JEWEL- PYTHIA

0.25[
0.2

Jewel-Pythia

0.3 AR AL LA

0.15

||||||||||||||_
—— 0.9<In(1/AR) < 1.6 =
0.2<AR< 0.4

—o— 1 6<In(1/AR)<24—

O
O
©
A

>
Y
A

oI
I\)

[

—— 2.4 <In(1/AR) <5

+

AR < 0.09

0.1
0.05
0
—0.05

—0.1

~0.155—+

-

<>+ ~-

Jc-—e—-'Q':Q:

80 < pCh "¢ < 120 GeV/c
anti-k charged jets R=0.4

IIII|IIIIIIIIItlIII|IIII|IIII|IIII|IIII III

1st Soft drop splitting, z,,=0.18 =

=Q=
S

—e— With recoils
0 —o— Without recolls

t
R TN T A A AT Y

3 2 4 0

https://jetquenchingtools.qgithub.io/

1 2 3
In(k,
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~— N

k; (GeV/c)
0,02 107 1.0 10 50
-O O 08 | | I I | L | | I I | | I I B I L | UL I_
3 - ALICE Prellmlnary =e= 0.9<In(1/AR) < 1.6 -
S 0.06[2018 0-10% Pb-Pb |5, = 5.02 TeV 0.2< AR <0.4—
0 - Data-PYTHIA embedded ~eo 1.6 <In(1/AR) < 2.4
5 0.041 0.09 < AR < 0.2
O u 4 N
s . T L e 24<In(1/AR)<5
:; 0.02— == AR <0.09 —
A - . -
(IU O-- —Q D O—= & Q- -¢— o= O— _
8 oot MRt~ TR
—0. 02_— —e— | _+_ —
—0.04— —
~ 80< pC“ "®¢ <120 GeV/c _+_ N
_()_()6_ant| -K charged jets R=0.4 -
- 1st Soft drop splitting, z,,, =0.15 =0 i
_ 1 1 | I 1 1 1 | | 1 1 1 | 11 1 | I 11 1 1 | 1 1 1 I 11 1 1 I 11 | l—
O'0624 -3 —2 —1 0 1 2 3 4
In(k-)
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Lund Plane Projections

e Compare to JEWEL-PYTHIA embedded in a thermal background with and
without recoils

1 k; (GeV/c) k; (GeV/c)
0.02 10 1.0 10 50 0,02 101 1.0 10 50

.('E O 3_ | ! eyttt ': 1 ®) O 08 [rrrryrrrrrrr T T T T T T T
< ALICE Slmulatlon —— 0.9<In(1/AR) < 1.6 = % - ALICE Prellmlnary =e= 0.9<In(1/AR) < 1.6 -
a 0-25: Thermal Background 0.2< AR <0.473 B 0.06F2018 0-10% Pb-Pb |5, = 5.02 TeV 0.2<AR<0.4-
o 0o 010%Pb-Pb s, =5.02TeV o 1.6<In(1/AR) <2.4.3 2 - Data-PYTHIA embedded ~o 1.6 <In(1/AR) < 2.4 ]
= - JEWEL-PYTHIA 0.09< AR <0.2 = o 0.04 0.09 < AR < 0.2—
= 0.15F —e—2.4<In(1/AR) <5 © B +_+__+_ == 2.4 <In(1/AR) <5 1
= 4 AR<0.09 = = 0.02 - arm<0.00 =

0.1 - = n? O: o - Z

= = 48 o e — QO —Q- = —e— € — -

0.05F =+ v W 4 & F M ag D
O; J,;_—G—_-Q-:Q: = =0 _J'_t‘}:_,t é —0.02— —9- - .

- M =, - 0.04F :
—0.05E80 < e < 120 GeV/e 335%_0_ | o TE 80<p i < 120 GeVie +- -
_0.{F anti-ky ‘charged jets R = 0.4 —e— with recoils = _()_()6_ant| -k "charged jets R = 0.4 _

= 1st SOft drOp Spll’[’[lng ZCUt = 0.1 ﬁ 0 = W|thOUt reCO” E - 1st Sof’[ drop Sp“t’“ng ZCUt =0.1 ﬂ 0 N

_0.15_' o P e | o s Py B 1T _O 08 coooaa v v v b v v b v b b by g
°4 3 =2 4 0 1 2 3 4 Y43 2 4 o0 1 2 3 4
https://jetquenchingtools.github.io/  N(&¢) In(k;)

e JEWEL shows enhancement at small R
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Lund Plane Projections

e Compare to JEWEL-PYTHIA embedded in a thermal background with and

without recoils

1 Kk (GeV/c) k. (GeV/c)
0.02 10 1.0 10 50 0.02 101 1.0 10 50

-('E O 3_ [ ! BT L L DL L N L L L L ': 1 ®) O 08 [rrrryrrrrrrr T T T T T T T
< ALICE Slmulatlon —— 0.9<In(1/AR) < 1.6 = % - ALICE Pre||m|nary =e= 0.9<In(1/AR) < 1.6 -
> 0-25: Thermal Background 0.2< AR < 0.4 S 0.06[—2018 0-10% Pb-Pb |, = 5.02 TeV 0.2< AR < 0.4
TI) 0. 2- 0-10% Pb-Pb r =5.02TeV _4 16< INn(1/AR) < 2. 4 - ‘ED - Data-PYTHIA embedded e 1.6<In(1/AR) < 2.4 -
= - JEWEL-PYTHIA 0.09< AR <0.2 = o 0.04- 0.09 < AR < 0.2—
= 0.15F —e—2.4<In(1/AR) <5 = © u ++_+_ =24 <In(1/AR) <5
L + AR < 0.09 - .E 002__ —o- AR < 0.09 =

m . . =

0.1 — A u . 5

: ] & Of—e—e—e=e el e ki

0.05}- :9:+ T4 + ER- O i %é -
e My —:
—0.05E"80 < pi" ¥ < 120 GeVie 353:;?: E 004 - 80 < pf" ¥ < 120 GeVic == -
0. 1: anti-k; ‘charged jets R = 0.4 —e—with recoils = 0 OG—antI -k "charged jets R = 0.4 _

- st Soft drop splitting, z_; = 0.1 ,B 0 —e— without recoils3 L st Soft drop splitting, z,,,=0.18 =0 i
_0.15_' re v e Py | e e Py | _O 08_1 RN B R A N BN B B i B R B A B A B A I B B R A A BN A A R B A A e
°4 3 2 4 0 1 2 3 4 Y24 3 2 4 0 1 2 3 4
https://jetquenchingtools.github.io/  N(&¢) In(k;)

o JEWEL shows suppression at large R
without recoills

e JEWEL shows enhancement at small R
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Exploring the Lund Plane in Data

—~ 10 —
~ [ ALICE Preliminary
= 8 20180-10% Pb-Pb |5, = 5.02 TeV —0.02
g anti-k; charged jets R = 0.4
—  Data-PYTHIA embedded —°
4
- ‘ ——0.02
2F —
O —
5 - -0.06
_4F -0.08
—61 0.1
gt 80< ,0Ch "®¢ <120 GeV/c
_ 1st Soft drop spllttlng Zoy = O|1 B = 9 | -0.12
_1 O ||||||||||||||||||||||||||||||||||||||||
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Exploring the Lund Plane in Data

— 10¢ —
X - ALICE Preliminary
= 8 20180-10% Pb-Pb |5, = 5.02 TeV —0.02
g anti-k; charged jets R = 0.4
—  Data-PYTHIA embedded —°
4
= - —1-0.02
2 —
O =
5 - -0.06
4 -0.08
—61 0.1
gt 80< ,0Ch "®¢ <120 GeV/c
_ 1st Soft drop spllttlng Zoy = O|1 B = (? | -0.12
_1 O ||||||||||||||||||||||||||||||||||||||||

0 0.5 1 15 2 2.5 3
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Exploring the Lund Plane in Data

e Soft drop (SD) grooming ~ 10

. —  ALICE Preliminar
x F y
to access hard splitting = 8 20180-10% Pb-Pb |5 = 5.02 TeV —0.02
- gL anti-k; charged jets R = 0.4
~  Data-PYTHIA embedded =0
41—
- —1-0.02
21 -
e In(kt)>0 cut to remove N e 004
non-perturbative region oF “ 0.06
= —0.08
6F 0.1
gE 80< pCh "®¢ < 120 GeV/c
— 1st Soft drop splitting, z,,=0.18=0 —0.12
_10_11IllllllllllllllllllllllIlllllllllllllllllllllll

0O 05 1, 15 2 25 3 35 4 45 5

< —— In(1/AR)
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Exploring the Lund Plane in Data

e Soft drop (SD) grooming ~ 10

L - ALICE Preliminar
x r Yy
to access hard splitting = 8F 20180-10% Pb-Pb |5 = 5.02 TeV
- gL anti-k; charged jets & = 0.4
—  Data-PYTHIA embedied
4—
21 o
* In(kT)>0 cut to remove N —
non-perturbative region oF “
—4
6
e 1, explores time evolution  _gf 80<p!" ¥ <120 Gel/c
: . - 1st Soft drop splittingf z., =0.15 =0
OfJetSpllttlng _10_IIII|IIII|IIII|III|Illl|Illlllllllllllllllllllll
0 05 1, 15 2 25 3 35 4 45

Laura Havener, Yale University
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=" In(1/AR)
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(Groomed variables

e Soft drop grooming variables probe jet splitting

Laura Havener, Yale University
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GGroomed variables

e Soft drop grooming variables probe jet splitting

B 7,: shared momentum fra.ction " min(pri, pry)
between two hardest subjets Zg =
IN parton shower

How symmetric is the
jet splitting?

Laura Havener, Yale University
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GGroomed variables

e Soft drop grooming variables probe jet splitting

= ~,: shared momentum fraction
between two hardest subjets
IN parton shower

How symmetric is the
jet splitting?

) ). distance between subjets

How far apart are the subjets?
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GGroomed variables

e Soft drop grooming variables probe jet splitting

= ~,: shared momentum fraction
between two hardest subjets
IN parton shower

How symmetric is the
jet splitting?

) ). distance between subjets

How far apart are the subjets?

= nsp: number of splittings passing Soft Drop

Number of subjets
within a jet?

Laura Havener, Yale University 24




ackground treatment

0.8 0.8
—ALICE Preliminary . - ALICE Preliminary - ‘AILIIC'E Preliminary -
[ _ U nCOrreIated 0.7 -0-10% Pb-Pb Embedded PYTHIA \ s = 2.76 TeV _:I 0.7 -0-10% Pb-Pb Embedded PYTHIA \ 5, = 2.76 TeV _:I 120-10% Pb- ;:;:;::;Zd PYTHIA | 5, = 2.76 TeV _
_ Anti-k; Charged Jets, R=0.4 | —  Anti-k; Charged Jets, R=0.4 _| — l . 0. 1
baCkg rou nd 0.6;—80<pT§:§a”<1zoGeV/c _; —110 0.6;—80<pT§:ga”<120GeV/c —; — 1 10:—:;]“:;},‘?;2’?;9?2522\/7004 —: iy
' 0.5¢ s 0.5F : B I 1
leads to subjets . N . : ; :
. . GEJNO)O.4 — GE&CDO.4 - %% ]
b k d . . S 6 -
elng pIC e up 0.3 = =10 0.3 - 3 1¢ 1 2102
n : i 4 o
as Incorrect or : E 5
1 J) - - 0.1 B 0.1 - 2 ' N
fake” splittings . B u..
W NS NN utalla AN RENNE RN 0 —
050102 03 04 05 06 07 08 % 01 02 03 04 05 06 07 08 B B S S T e
Ztrue Rtrue
g g NSty
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e Uncorrelated
background

leads to subjets
being picked up
as incorrect or

“fake” splittings

Laura Havener, Yale University

Background treatment

dominate at low z4 and at large Rg gone in Nnsp?

0.8_ T TT I T T I I.I I.I I T T I 1T 1T I T T I T T T I | ] 0.8_ | I T T I I.I I.I I T T I 1T 1TT I T T | 1T 1T I | | | I I l | I I I | I I ' | [ | : | I I : | | I I | | I
' ALICE Preliminary EI ' ALICE Preliminary EI - ALICE Preliminary -
B Anti-kThCh:Irged Jets, R=0.4 |- - Anti-kThCh:lfged Jets, A=0.4 15 - Anti-k; Charged Jets, R=0.4
. ch,pa ] [ ch,pa ] B N
0-6 B 80 < pT,jet <120 GeV/c 1 10 0.6 B 80 < PT’jet <120 GeV/c 1 <1 1080 < pch.,par’[ <120 GeV/c —
- i - 1 3 - s 1 =10
0.5y 0.5 = i
Fo) 0
qE_) 0.4 GE3 O 0AT - %c%
N C( S .
0.3 110 - 3¢ —102
0.2 ]
0.1 ] - -
iy - : 1 -
O ] 1 O O I‘. .ﬂ HL -ﬁ l u II II.. | | .| | | | L1 1 I— | | | I | [ I_ 1 O 3
0O 01 02 03 04 05 06 0.7 0.8 O 01 02 03 04 05 06 0.7 0.8 10 12
true true
Z, Rg

» Non-diagonal response prohibits unfolding
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Backgrounad treatment

dominate at low z and at large R one in nsp?
9 g
e Uncorrelated O SEALICE Profiminary T PSFALICE Prafiminary T TG Profrimam T T T
0.7[-0-10% Pb-Pb Embedded PYTHIA \ s, =2.76 TeV  — 0.7 -0-10% Pb-Pb Embedded PYTHIA \ s, =2.76 TeV  — 121-0-10% Pb-Pb Embedded PYTHIA | Sy = 2.76 TeV _I
_ Anti-k; Charged Jets, R=0.4 | —  Anti-k; Charged Jets, R=0.4 _| — - 0. 1
baCkg round 0.6;—80<pT§:’e"ta”<1zoGeV/c _; —10 0.6;—80<pT§:§a“<120GeV/c —; 1¢ 10}2?22%‘?;:::9?2:2’\/7004 —: 1o
leads to subjets . = .
. : £ ]

S A
being picked up
as Incorrect or F
14 7) - - B

fake” splittings . i
0Lt R e e TN NN R 0 Ol s 10
0 01 02 03 04 05 06 0.7 0.8 O 01 02 03 04 05 06 0.7 0.8 10 12
Ztrue Rtrue

true
9 Ngp

» Non-diagonal response prohibits unfolding
e Embed PYTHIAS8 into Pb-Pb data as a reference to mimic background effects

= Caveat. in combinatoric dominated regions, differences seen in observables
can’t be attributed only to quenching if the background splittings differ largely
for medium vs. vacuum jet fragmentation
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Zg- Jet splitting
asymmetric
splitting:
low z4

min(Pri, Prj)
Pti + PT;

e 5.02 TeV 0-10% Pb-Pb
collisions compared to
embedded MC

e Dominant systematics
» Data: tracking inefficiency

> MC: reweighing Pythia to
Herwig for model dependence

Laura Havener, Yale University

high g

Njets: all jets
IN pr bIN

symmetric
splitting:

Data/MC

- ALICE Preliminary

log(k+)
® o
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ALICE Prellmlnary
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Zg- Jet splitting
asymmetric
splitting:

min(pTiv pTJ)
P1i + PT1j

Ly =
low z4

e 5.02 TeV 0-10% Pb-Pb
collisions compared to
embedded MC

e In(kT) cut steepens the
spectrum in data

e Suppression of
symmetric splittings

Laura Havener, Yale University

(1/N,) dN,/dz,

Data/MC

10 E

symmetric
splitting:
high Zg

ALICE Prellmlnary
2018 0-10% Pb-Pb \s,, = 5.02 TeV~

= ® Data
e = Pythia embedded :
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anti-k; charged jets R = 0.4 -
Soft drop z,;,=0.15=0 T

80 < pe¢ < 120 GeV/c =

T, jet -




Zq. Opening angle

wide _'c\lj ALICE Preliminary -
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anti-k; charged jets R = 0.4 -
Softdrop z,, =0.15=0 T
80 < pCh '®¢ <« 120 GeV/c

T, jet
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Nsp: Iterative declustering

e Previous ALICE publication of

-10% Pb-Pb data at 2.76 TeV I i
0-10% Pb-Fb d)?'. a a o le 0.5 ALICE Pb-Pb |5 =2.76 Tev 8 0-10% Pb-Pb =
arXiv:1905.02512v1 _ Anti-k; charged jets, R = 0.4 ©- Emb. PYTHIA B
- ~ 80<p™ <120 GeV/c -==Emb. PYTHIA (Quark Only) —
an 0.4 go D;é% z.. =01 --= Smeared Hybrid —
- N - — Smeared JEWEL (w/recoils) —
Z 0.3— —
O C N ~
. . 1 = T B
e Hint of shift towards 2 E =Y == :
lower numbers of T b =
splittings -
O < 2 l.
L 1

2=

T> 5

angal P
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https://arxiv.org/pdf/1905.02512.pdf

Nsp: Iterative declustering

e New ALICE measurement at 5.02 TeV

e Modification:
enhancement at
small nsp and
suppression at
Intermediate nsp

e Consistent with
wider jets forming
earlier and being
suppressed in the

medium, leading to

more jets with
lower nsp’

O
<
&
©

O

2
1.5

ALICE Preliminary
2018 0-10% Pb-Pb VSNN =5.02 TeV

< Data
= Pythia embedded

;
+
!

+
]

t B

J |

1E -

0.5

“arXiv:1907.11248v1
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https://arxiv.org/pdf/1907.11248.pdf

Outlook

e Alot of progress has been made in background subtraction technigues

=) Keep working towards developing and trying new methods to increase
precision and access inaccessible regions of phase space like large R
and low pr

e Jet substructure has also made a lot of progress

= Need to implement better background subtraction techniques to reduce
background and unfold

» Using event-by-event constituent subtraction, for example
= |[mprove our techniques to better access the hardest spilit
> Dynamical grooming techniques (see Raymond Ehlers talk on Friday)

e |n general improving our jet measurement tools will allow for more direct
comparison of unfolded results to theoretical calculations to help constrain
models (using JETSCAPE framework!)

Laura Havener, Yale University
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Analysis Detalls

e Anti-kt R=0.4 jets within the acceptance of the TPC (prtrack > 0.15. GeV/c)

m)2017 pp data Lint = 18.0 nb-1 =) 2018 0-10% Pb-Pb data at 5.02 TeV

at 5.02 TeV » Jets between 80-120 GeV/c
> No background subtraction » Substantial increase in statistics
» Corrected for detector effects over previous ALICE substructure
with unfolding to jets between analysis at 2.76 TeV
20-80 GeV/c > Jet-by-jet constituent background
SU btr aCtiO N * *JHEP 06 (2014) 092

> Compared to embedded MC

Laura Havener, Yale University


http://arxiv.org/abs/1403.3108

Exploring the Lund Plane in Run 1

. - 2IIII|IIII|IIII|IIII|IIIIIIIIIIIIIIIIIIII|IIII
e Previous ALICE measurement in ALICE Pre,immar g
PbPb - PYTHIA Embedded \s,, = 2.76 TeV |
80 < p;“jgfc < 120 GeV/c, anti-k; R =0.4

0-10% Pb-Pb collisions at 2.76 TeV

e Subtract the embedded simulations
(MC) from the data in order to -2
remove the effects from the large ag

heavy-ion background _ .
e Saw hint of suppression at large AR

—0.05

|
2
|

and enhancement at small AR - 0.05
- SoftDrop z,,=0.1,=0
_8__ Cambridge-Aachen Reclustering -
e |nvestigate this further in the larger - >0 |Sp““‘|”9 T
_1OIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

statistics 2018 data at 5.02 TeV 0 05 1 15 2 25 3 35 4 45 5
< (xR =

Laura Havener, Yale University



MC embedding background

e |[n Pb-Pb data need to
account for HI background

e Embed detector level
Pythia into Pb-Pb data

e Embedded—True Pythia
shows enhancement of
large angle splitting

Fake splittings!

Laura Havener, Yale University
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Constituent subtractiop

.1

e Estimate background density in each event p = med(

e Add infinitesimally small ghosts to the
event

e Set the pr for each ghost
to negative values

e Calculate distance between each particle and
ghost for each pair and sort in ascending order

o |teratively change the momentum and mass of
each ghost/particle until no more pairs remain

JHEP 1908 (2019) 175

L

0 ‘IH|‘I |‘I‘|l‘l|

—— Hard scatter
— Pileup
Ghosts

Laura Havener, Yale University
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https://arxiv.org/abs/1905.03470

Constituent subtraction

o Jet-by-jet constituent subtraction:

o | £ 6of- (s=13Tev " —+— Jet-byjetCS -
= Only ghost are added in jets in the event S Z > (Pythia8) —s— Area Subtraction
: : - 2 | antHqR=1.0 —+— Event-wide CS -
found with a reclustering algorithm 2 250 < pi" < 300 GeV ICS
E 40 . A—
e Event-by-Event constituent subtraction: e
=) Ghosts are added to the entire event with R o S o B
a finite value where the ghosts can be T == -
V—
unmatched PR S | I
8 1 2 S ‘ ..................... ey ORI S o B rreresssesssssssnsssensnssannsssasassssnnassaes -
R ——_—— i
:.', 0 )| T M M _
g 0 50 100
o

> |Improved resolution with each improvement for the mass

. . . | - JHEP 1908 (2019) 175
> Experiments working to incorporate these in Hl measurements

Laura Havener, Yale University 17
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1/N,,s dN/dR,

Background subtraction

Impact of the jet-by-jet constituent subtraction on substructure variables

14

12

10

| ALICE Simulation

| 0-10% Centrality Embedded PYTHIA \s =2.76 TeV
- 80 < pi',‘jgt% <120 GeV/c

— Anti-k; charged jets, R =0.4

= PYTHIA
m PYTHIA Embedded (subtracted)

III|III|III|III|III

Laura Havener, Yale University
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1/N,y,s dN/dng,

0.7

0.6

. . o
W ~ o

_IIII|IIII|IIII|IIII|IIII

O
N

0.1

- ALICE Simulation

- 0-10% Centrality Embedded PYTHIA \s = 2.76 TeV
- 80 < pi',‘jgfc <120 GeV/c

- Anti-k; charged jets, R =0.4

= PYTHIA
m PYTHIA Embedded (subtracted)
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fy4: Subjet separation
AN
AN/

e pp collision data at 5.02
TeV Lint = 18.0 nb-1 unfolded

for detector effects

e

e Dependence on grooming (f) measured:
» Useful to constrain pQCD calculations and non-perturbative effects”

<
IS

~—

® |ncreasing
f Increases

contribution
of wider jets

Data
PYTHIA

Laura Havener, Yale University

- ALICE Preliminary
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https://arxiv.org/pdf/1908.01783.pdf

Zg: Jet splitting

asymmetric

min(pri, Prj)  splitting:
Pri + Pt low z4

symmetric
splitting:
high zg4

Ly =

(@)]
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» Both 65 and zg mostly » Serve as baseline for future
consistent with PYTHIAS8 unfolded Pb-Pb measurements
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F 4
./"
ﬁ, Trigeer
' SN

hadron

Removing fake splittings

e Try ways of removing these fake splittings from combinatoric jets

Recoll \
e Try using semi-inclusive hadron+jet measurement as i
done for the 2-subjettiness T 10grr
2 - ALICE i 0-10% Pb-Pb \s,, = 2.76 TeV-
% 15 . Anti-k; charged jets, R = 0.4 3
S - . T-Ap<0.6 -
s 107'g ' rT{8,9) =
88 5 Integral: 1.644 + 0.005 -
Q107 . T ¢TT(20,50) E
Ol O, F E —e— Integral: 1.651+0.009 -
Y1-Y2 s & T E
o f 5 i - ® -
T = 107* = & —0—_._ =
- ' - = -
107 —ﬁ] 5 al <
_ - § [ﬂ] EStatisticaI errors only —L{F— §
e Need to do unfolq in 2D_ in jet 1078l b b L
pt and groomed jet variable prTejCe‘?Ch (GeV/c)

» Other ways? Machine learning, event mixing, different groomings,
other subtraction methods, efc.

Laura Havener, Yale University



Systematic Uncertainties

e Data:

= Tracking inefficiency: the tracking efficiency was lowered in the
embedding by 4% and the effect was evaluated on the embedded
MC and apply to data

= \/arying cuts of tf, In(kt), and dR by +/-10%

= Reweighing the prior by Herwig/Pythia to account for differences
In the model

= Double counting

Laura Havener, Yale University



Zg and nsp In pp collisions at 7 TeV

Laura Havener, Yale University
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https://arxiv.org/pdf/1905.02512.pdf

Zy Pb-PDb collisions at 2.76 TeV

ALICE Pb-Pb ﬂs,w =2.76 TeV
10 Anti-k, charged jets, A = 0.4

80 < p;"m < 120 GeV/c
Soft Drop z_, = 0.1

0-10% Pb-Pb
#8858 Emb. PYTHIA

- -w=  Smeared Hybrid Model
——— Smeared Jewel (w/recoils)

1/N. s dN/dZ,

Ratio to
PYTHIA

arXiv:1905.02512v1
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Formation time

e Plan to explore if we can select on early or late splittings using the formation time
calculated from CA declustering?

= How well does it correlate with QCD formation time?

see L. Apolinario EPS-HEP

1 | W
pvac _ tmed _ s
f 02, 9 §

1
1~
o (ge2)1 /3

1: Vacuum splitting in-medium [n 26
that is resolved (decoherence) '

2. Medium-induced splittings

3: Splitting in-medium that

arXiv:1808.03689

isn’t resolved (coherence) In L5 |
4: Vacuum splitting outside In R { | .
of medium In1/R  In/gGL? In1/6
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Jet splitting: RHIC vs. LHC

e Formation time for gluons STAR ALICE 2z4=0.1 CMS

in vacuum or medium 10
1 1 [0 9 Vacuum
vac _ _— gmed _ d :
/ 02w 7 q 8k — 0 =0.1
- s . 2l e 0=0.4
o Wider splittings form earlier in a :
i — 6.-__ | -
vacuum so more likely to see the - Med'“:“ '“duceg
medium = 0 — g =2 GeV/fm
4
3
2 ‘
1

-

0 5 10 15 20 25 30 35 40 45 50

e RHIC and LHC not necessarily in contradiction o (GeV) M. Verweij QM 17
because they probe different formation times
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